Abstract. The molecular events that drive the progression of Epstein-Barr virus (EBV)-associated nasopharyngeal carcinoma (NPC) are still to be elucidated. Here, we report for the first time the pathogenic significance of an NPC-associated gene, wingless-type MMTV integration site family, member 5A (WNT5A) and the contribution of EBV to its expression. WNT5A is a representative Wnt protein that activates non-canonical Wnt signalling. With regard to its role in carcinogenesis, there is conflicting evidence as to whether WNT5A has a tumour-promoting or tumour-suppressive role. We show that WNT5A is upregulated in primary NPC tissue samples. We also demonstrate that WNT5A expression was dramatically increased in NPC cell lines expressing the EBV-encoded LMP2A gene, suggesting that this EBV-encoded latent gene is responsible for upregulating WNT5A in NPC. In addition, in vitro WNT5A overexpression promotes the proliferation, migration and invasion of NPC cells. Our results not only reveal pro-tumorigenic effects of WNT5A in NPC but also suggest that WNT5A could be an important therapeutic target in patients with EBV-associated disease.
Introduction
Nasopharyngeal carcinoma (NPC) is particularly prevalent in southern China and Southeast Asia (1) . Radiotherapy is effective against early stage NPC; however, over 70% of cases present with late stage diseases and only 10-40% of these patients survive more than 5 years (2) (3) (4) . Currently the mainstay of treatment for locoregional advanced cases of NPC is concurrent chemoradiotherapy. Unfortunately, undesirable complications frequently occur after treatment because of the location of the tumour at the base of the skull, closely surrounded by, and in close proximity to, many vital structures that result in high morbidity and poor quality of life (5) . Unlike other head and neck cancers, NPC is consistently associated with Epstein-Barr virus (EBV) infection (6) . EBV latent gene expression in NPC is restricted to EBNA1, BARF1, variable expression of LMP1 and LMP2A, and consistent expression of the non-coding EBER1/2 RNAs and BARTs, a family of viral microRNAs. The molecular events that drive the progression of NPC, including the exact contribution of EBV to the pathogenesis of NPC, are still to be elucidated.
The Wnt signalling pathways have historically been divided into two classes: namely the canonical and non-canonical pathways. The canonical signalling pathway induces the nuclear accumulation and transcriptional activation of β-catenin. It is the most intensively studied Wnt pathway implicated in cancer development by promoting cancer cell proliferation and migration (7) . By contrast, the non-canonical pathway is essentially an umbrella term for all Wnt-activated cellular signalling pathways that do not promote β-catenin-mediated transcription. The non-canonical and planar cell polarity (PCP) pathways promote calcium mobilization and activate downstream pathways involved in cell motility and metastasis. However, emerging evidence suggests that these pathways are not as autonomous as originally thought and there may be cross-talk between these two pathways (8) . WNT5A is a representative of Wnt protein that activates non-canonical Wnt signalling, it can, under certain circumstances, signal through the canonical pathway (8) . A number of studies indicates that WNT5A has a tumour-suppressing effect with reduced expression being reported in colorectal cancer (9,10), neuroblastoma (11), ductal breast cancer (12,13) and leukemias (14-16). Conversely, Oncogenic effects of WNT5A in Epstein-Barr virus-associated nasopharyngeal carcinoma some studies have reported overexpression of WNT5A in melanoma (17) , breast cancer cells (18) , gastric cancer (19) , pancreatic cancer (20) , non-small-cell lung cancer (21) and prostate cancer (22) , indicating that WNT5A may function as an oncogene in these tumours. Collectively, these data suggest that WNT5A can function as either a tumour suppressor gene or an oncogene depending on the cancer type, and it is possible that interactions between the canonical and non-canonical pathways may explain these discrepancies.
Using expression microarrays, we have previously identified WNT5A as one of the upregulated genes in EBV-positive primary NPC tumours compared with cancer-free nasopharyngeal tissue samples (23) . This observation is supported by evidence showing that WNT5A protein is overexpressed in primary NPC tissues (24, 25) . However, the functional role of WNT5A in NPC and the contribution of EBV to its deregulation have not been investigated. In the present study, the upregulation of WNT5A was further validated in NPC tissues and a dramatic increase in WNT5A expression was observed in LMP2A-expressing NPC cell lines, indicating LMP2A contributes to the upregulation of WNT5A in NPC. Ectopic expression of WNT5A in NPC cell lines significantly promotes cell proliferation, migration and invasion. These data suggest that WNT5A appears to have tumour-promoting activity in EBV-associated NPC.
Materials and methods

Cell lines and tissue samples.
The cell lines used in this study included: NP69 and NP460, immortalised nasopharyngeal epithelial cell lines; eight NPC-derived cell lines, of which seven were EBV negative (TW01, TW04, HONE1, SUNE1, HK1, CNE1 and CNE2) and one of which was EBV-positive (C666-1). NP69, NP460 and seven EBV-negative cell lines were a kind gift from Professor S.W. Tsao (Department of Anatomy, University of Hong Kong, Hong Kong, China), and C666-1 was kindly provided by Professor K.W. Lo (Prince of Wales Hospital, Hong Kong, China). NPC cell lines stably expressing LMP2A have been described previously (26, 27) and similar protocols were used to generate cells expressing EBNA1 and LMP1 (28) .
Snap-frozen nasopharyngeal biopsies from 16 patients were included in the quantitative real-time PCR analysis: 14 with undifferentiated EBER-positive NPC, and two with histologically normal nasopharynx epithelial cells, with no evidence of malignancy and EBER-negative. All tissue samples were collected from Tung Shin Hospital, Kuala Lumpur, Malaysia. This study was approved by the Medical Research Ethics Committee of the Ministry of Health, Malaysia (KKM/NIHSEC/08/0804/MRG-IMR).
Quantitative real-time PCR and semi-quantitative PCR. Total RNA was extracted using RNeasy mini kit (Qiagen, Manchester, UK) and subjected to reverse transcription using oligo (dT) primer and Superscript II (Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR (Q-PCR) was performed in triplicate using ABI Prism 7000 Sequence Detection System and TaqMan Gene Expression Assays (WNT5A: Hs00998537_m1; Applied Biosystems, Foster City, CA, USA). In parallel, GAPDH was amplified in the same reaction to serve as an internal control for normalization. Fold changes in gene expression between control and samples were measured using the comparative threshold cycle method (∆∆Ct). Semi-quantitative PCR was performed to examine the WNT5A mRNA level in a panel of 16 human normal organs using the Human MTC™ Panel I & II (Clontech, Mountain View, CA, USA). The primers for WNT5A were 5'-CATTATGGGCTCAAATAGAAAGAAGA-3' and 5'-AAAGAGCTAGGGTAGGCAACTAAAACT-3'.
Western blot analysis. Cells were lysed in ice-cold RIPA buffer containing protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and the extracted protein was subjected to western blot analysis. The primary antibody used was WNT5A (1:500, R&D Systems, Minneapolis, MN, USA) and the secondary antibody was HRP-conjugated anti-goat IgG (1:5,000, Chemicon, Temecula, CA, USA). The protein bands were detected with chemiluminescent reagent, Perkin Elmer plus (Perkin-Elmer, Waltham, MA, USA) or West Femto (Pierce, Rockford, IL, USA).
Retroviral transduction and establishment of stable cell lines.
The recombinant retroviral vectors pLNC-WNT5A or pLNCX alone were used to establish TWO4 and HONE1 NPC cells stably overexpressing WNT5A and the vector control. Briefly, the retroviral vectors were transfected into retroviral packaging cell lines, Phoenix Ampho using Lipofectamine 2000 (Invitrogen). At 48 h post-transfection, the retroviral-containing supernatant was centrifuged and filtered through 0.45 µm syringe filter (Millipore, Billerica, MA, USA). The viral supernatant was then added to plates cultured with TWO4 or HONE1 cells. Polybrene (0.8 µg/ml; Chemicon) was also added to the culture media. After the transduction (24 h), cells were selected with 500 µg/ml neomycin. Drug-resistant cells were then pooled and tested for WNT5A expression by western blot analysis.
Cell proliferation assay. Cells (3-6x10
3 ) were seeded in a 96-well plate in triplicate. Cell proliferation was determined daily by adding 20 µl of MTT (thiazolyl blue tetrazolium bromide, Sigma, St. Louis, MO, USA) stock solution (5 mg/ml) to each well for 4 days. After 4 h of incubation, medium was removed carefully and 100 µl DMSO was added to dissolve the blue crystals. The absorbance was measured on an ELISA plate reader at a wavelength of 570 nm with reference wavelength of 630 nm.
Wound healing assay. Cells were grown as a monolayer in 6-well plates coated with fibronectin (20 µg/ml) and serum starved overnight. Cells were then treated with mitomycin C (25 µg/ml) for 2 h to inhibit cell proliferation. A sterile pipette tip was used to scratch a wound along the centre of the well. A demarcated area of the wound was photographed on an inverted Olympus IX71 microscope at the time of wounding (0 h) and at various time of wound healing.
Cell migration and invasion assays. Migration and invasion assays were carried out using fibronectin-coated (10 µg/ml) and Matrigel-coated polycarbonate filters (8-µm pore size, Transwell Costar Corning; Corning, NY, USA), respectively, as described previously (29) . Cells were plated into the upper chamber and allowed to migrate for 24 h (for migration assay) or 48 h (for invasion assay). Cells migrating/invading to the lower chamber were trypsinized and counted on a Casy 1 counter (Schärfe System GmbH, Reutlingen, Germany). Statistical differences between experimental groups were evaluated by Student's t-test.
Results
Overexpression of WNT5A in EBV-positive NPC.
Using microarray analysis, we previously demonstrated upregulation of WNT5A in 20/25 (80%) of EBV-positive NPC tissue samples, while expression in normal nasopharyngeal epithelium was low or absent (23) . In agreement with the microarray data, Q-PCR showed that WNT5A mRNA levels were elevated in 12 NPC tissue samples available for analysis when compared to two non-malignant controls (Fig. 1) . Two NPC samples (NPC13 and NPC14) that did not overexpress WNT5A in the microarray analysis also did not show an elevated level of WNT5A by Q-PCR, confirming the validity of the microarray data.
LMP2A upregulates WNT5A expression. The expression of WNT5A was heterogeneous in NPC cell lines. Nonetheless, particularly high levels of WNT5A expression were observed in the only EBV-positive cell line, C666-1, compared to the a panel of EBV-negative cell lines, which included seven NPC cell lines (CNE1, CNE2, HONE1, HK1, SUNE1, TW01, TW04) and two immortalised nasopharyngeal epithelial cell lines (NP460, NP69; Fig. 2A) .
To further investigate which EBV gene is responsible for the upregulation of WNT5A, the expression of WNT5A was examined in HONE1 cells independently transfected with three EBV latent genes (EBNA1, LMP1 and LMP2A). The results showed that levels of WNT5A mRNA were significantly upregulated in cells transfected with EBNA1 and LMP2A (p<0.01; Fig. 2B ). Due to the robust upregulation of WNT5A in LMP2A-expressing cells, we further examined the expression of WNT5A in another NPC cell line, CNE2, transfected with LMP2A. We confirmed that LMP2A stimulated WNT5A expression in NPC cells (p<0.01; Fig. 2C ).
WNT5A promotes cell growth. To investigate the functional role of WNT5A in NPC, two NPC cell lines which expressed low levels of endogenous WNT5A, HONE1 and TW04, were stably transduced with recombinant retroviral vector pLNCX containing the WNT5A cDNA (designated pLNC-WNT5A) or with the vector alone (designated pLNC). The expression of WNT5A protein in these two cell lines was confirmed by western blot analysis (Fig. 3A) .
We next examined the effect of ectopic expression of WNT5A on the growth of NPC cells using MTT assays. As shown in Fig. 3B, HONE1 and TW04 cells stably expressing WNT5A grew significantly faster than the vector control cells (p<0.01), indicating that the WNT5A promotes cell proliferation.
WNT5A promotes cell migration and invasion.
To investigate whether WNT5A functions to promote cell migration in NPC, a wound-healing assay was performed using HONE1 and TW04 transfected cells. Compared to the vector controls, an increase in cell motility was observed in cells expressing WNT5A (Fig. 4A) . This result was further confirmed using standard Transwell assays which showed that migration of HONE1 cells expressing WNT5A was significantly enhanced (p<0.01; Fig. 4B ). We next examined the effect of WNT5A on the invasiveness of NPC cells using Matrigel invasion assays. WNT5A-transfected HONE1 cells were 2 times more invasive than the vector controls (p=0.01; Fig. 4C ).
Discussion
NPC is the most common cancer arising in nasopharynx. Despite recent advances in treatment regimens, NPC patients continue to have generally poor prognoses due to unwanted side-effects and a subset of tumours is resistant to radiotherapy and chemotherapy. The identification of genes differentially expressed between normal and malignant cells may lead to the identification of biomarkers and novel therapeutic targets for this disease. We have previously shown that WNT5A is overexpressed in NPC relative to cancer-free controls (23) . WNT5A is one of the most highly investigated Wnt proteins that activate non-canonical Wnt signalling. At present, the role of WNT5A in human cancer is controversial and the discrepancy may be attributable to differences in receptor context or cell context of cancer cells. Although aberrant Wnt signalling has been implicated in the development of NPC, these early studies mainly focused on the canonical Wnt/β-catenin pathway which is often activated in human cancers (30) . Recently, immunohistochemical data have shown that the WNT5A protein is overexpressed in primary NPC tissues (24, 25) , suggesting a dysregulation of non-canonical pathway in NPC. However, information regarding the biological role of WNT5A in the pathogenesis of NPC or the mechanisms of its overexpression has not been explored. It should be noted that a comparison between our NPC microarray data and a published microarray study using 36 normal human organs (31) revealed that the levels of WNT5A expression in NPC was higher than that observed in a wide range of normal organs, with exception of placenta, ovary and bladder (Fig. 5A) . Similarly, we showed that the expression of WNT5A was low in various normal human organs using Multiple cDNA Panels (BD BioSciences, Franklin Lakes, NJ, USA) by PCR analysis (Fig. 5B) . These observations suggest that WNT5A or its downstream signalling events could be potentially useful targets for treatment of NPC.
In this study, we further confirmed the upregulation of WNT5A mRNA in primary NPC tissue samples by QPCR, supporting the hypothesis that WNT5A exhibits an oncogenic effect in NPC. The strong etiological link between EBV infection and NPC is well recognised (6) . Most, if not all, NPC cases in endemic regions, such as Malaysia, are associated with EBV infection (23, 32) . Interestingly, in the present study, very high levels of WNT5A expression were observed in the only EBV-positive NPC cell line, C666.1, compared to a panel of EBV-negative epithelial cells. Further, we found that the levels of WNT5A were dramatically increased in HONE1 and CNE2 cells stably expressing the EBV-encoded oncogene LMP2A. LMP2A mRNA is regularly detected in NPC and when expressed in certain immortalized epithelial cell lines, it can induce anchorage-independent growth, enhance cell adhesion and cell motility, and inhibit epithelial cell differentiation (33) . Previous studies indicate that LMP2A can modulate the canonical Wnt pathway in EBV-infected epithelial cells (34) (35) (36) . Here, we report, for the first time, that EBV infection, particularly LMP2A, may also play a major role in inducing an aberrant non-canonical Wnt signalling in NPC.
Uncontrolled cell growth and tissue invasion/metastasis are hallmarks of cancer cells, and it is well established that EBV-positive NPC is a highly metastatic cancer (37) . In tumours that express elevated levels of WNT5A, WNT5A functions as an oncogene by promoting cell proliferation and migration/invasion (20, 38, 39) . Similarly, we showed that WNT5A promotes cell growth and migration/invasion of NPC cells, contributing to the acquisition of a highly motile and invasive phenotype, a phenotype that is consistent with the highly aggressive behaviour of NPC cells. In melanoma, WNT5A exerted its pro-migratory and invasion effects by activating PKC (39) . This data was supported by a subsequent study in gastric cancer in which WNT5A was found to promote migration of cancer cells by stimulating focal adhesion kinase (FAK) and Rac through the activation of PKC and JNK (19) . A recent study also showed that WNT5A activated JNK through PKD to promote aggressiveness of prostate cancer (40) . These studies also demonstrated that the expression of WNT5A and β-catenin in cancer cells was mutually exclusive, suggesting WNT5A primarily functions through the non-canonical planar cell polarity and Wnt calcium signalling pathways.
Although WNT5A may inhibit the activation of β-catenin-mediated transcription, there is evidence to suggest that in the presence of specific forms of receptors, WNT5A could stimulate cancer-promoting canonical Wnt signalling pathway in certain cell types (41, 42) . This phenomenon has been shown in pancreatic cancer that WNT5A mediated its pro-invasive effects through β-catenin/TCF-dependent pathway (20) . We have recently generated a compendium of potential biomarkers for NPC by systematically comparing the genes that are differentially expressed between NPC and cancer-free controls from published microarray studies (23, 25, (43) (44) (45) . In concordance with the previous studies reporting the dysregulation of Wnt/β-catenin signalling in NPC, overexpression of a number of genes involved in this pathway were commonly shown in independent datasets (Table I ). These data suggest that further studies are warranted to elucidate the signalling events downstream WNT5A in NPC.
In summary, we report that WNT5A is overexpressed in primary NPC tissues, where it may function to promote tumour growth, migration and invasion. Furthermore, we show that LMP2A induces the transcription of WNT5A. Taken together, these results not only demonstrate pro-tumorigenic effects of WNT5A in NPC, but also that patients with EBV-associated NPC could potentially benefit from the therapeutic targeting of this molecule. 
